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ABSTRACT

The gas dynamics related to the movement of a track-guided test ve-
hicle through an evacuated tube are considered preliminarily. Values
of pressure, temperature, density, and drag are computed for perfect
piston action and for partial piston action at speeds up to the hyper-
sonic. The effects of gas imperfections, viscosity, and wave-reflection
are explored. The limiting conditions at which a body in a tube ceases
to behave like a piston are defined.

At the lower limit of piston action, pressures, temperatures, and
densities ahead of the vehicle are the same as for a flat-faced body in
free air, and skin friction effects along the tube wall are negligible.
At the upper limit of piston action, pressures in frictionless air range
from about Ul percent greater (above Mach 8.0) to more than 80 percent
greater (below Mach 2,0) than at the lower limit of piston action, and
drag and heating due to friction predominate over shock effects; fric-
tional heating in particular becomes large. The relative effects of
piston action as compared to flow in free air are greater at low Mach
numbers than at high Mach numbers. Pressures are ample at all speeds
for effective braking by piston action, but high temperatures exist at
all but the lowest speeds.

This report is approved for publication.
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A=

SYMBOLS

area, ft?

area, effective sum of frontal gap around piston and
orifices or venting in tube in contact with shock layer,
£t2

area, frontal, piston or body in tube, £t2

area, tube cross section, £t2

velocity of sound, ft/sec

velocity of sound in air at rest in the tube upstream
from the shock wave, ft/sec

velocity of sound in shock layer, ft/sec

drag coefficient, based on piston velocity, piston

frontal area, and the density of the undisturbed air

pressure coefficient of the piston at subsonic speeds

pressure coefficient of the piston at supersonic

speeds
skin friction drag coefficient based on piston velocity,

the area of the tube between the piston and the shock
wave in rubbing contact with the shock layer, and the
air density behind the shock wave.

skin friction drag coefficient based on piston velocity,

piston frontal area, and the density of undisturbed air



%

!

X 2c, T,

L

M

Mp, Vp /ey

Me, Mp + Mg, VR /oy

MS’ VS/QI
"Q: vQ/al
My, Mp + Mg, Vy /a1

m

n

= gpecific heat of alr at constant pressure
Cp = 6006 £t2/sec?/°R (or £t/1b/slug/°R) unless other-
wise specified. |

= gpecific heat of air at constant volume

= drag, pounds

= drag, skin friction, pounds

= diameter of tube, feet

= constant for determining stagnation temperature T
Ty = Ta(l + Kp Mp®)

= length of tube, feet

= Mach number

= Mach number of piston based on undisturbed air upstream

from shock wave

= Mach number, returning shock wave, reflected from the
closed end of the tube, relative to the air entering
the shock

= Mach number of forward running shock wave relative to
piston

= Mach number of reflected shock wave, relative to the
closed end of the tube

= Mach number of forward running shock wave relative to
undisturbed air upstream

= mass

= completed cycles of shock-wave reflection

xii



P = pressure, static, absolute, 1b/rt®

q= % Py Vp® = dynamic pressure

R = gas constant, 1716 £t2/sec® per degree Rankine

S = area, rubbing contact, ft® |
S, = area, rubbing contact, shock layer on tube wall, ftZ®
T = temperature, absolute, Rankine or Fahrenheit

‘Rankine = °Fahrenheit + 459.6%

3l
]

temperature, absolute, thoroughly mixed air,
‘Rankine or ‘Pahrenheit*
t = time, measured from t = O at instant piston enters
tube
V = velocity, £t/sec
Vp = velocity, piston and shock layer ahead of piston,
relative to tube, ft/sec
VR = velocity, returning shock wave, reflected from closed
end of tube, relative to air entering shock wave, ft/sec
Vg = velocity, shock wave relative to piston
Vq = velocity, returning shock wave, reflected from closed end
of tube, relative to closed end of tube
Vs VP + VS = veloclity of shock wave relative to air at rest in tube
upstream from shock wave
v = ratio of specific heats at constant pressure and constant
volume, constant at 1.4 unless otherwise specified

P = density, slugs/ft>

*Temperatures are static temperatures as measured by a thermometer at rest
relative to the air being measured.
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Subecrigts
1 = original conditions in tube in undisturbed air at rest relative

to tube

2 = conditions in the shock layer, upstream from piston and down-
stream from shock

3 = conditions between a reflecting shock wave and the closed end
of a tube from which it has reflected

4 = conditions at face of piston immediately following first re-
flection of shock wave from face

F = frictional, based on piston frontal area

f = frictional, based on rubbing surface area

G = gap or orifice

P = piston

R = reflection

S = shock wave, relative to piston

T = tube

t = total, conditions which would exist if air were brought to

rest isentropically

W = shock wave, relative to air at rest upstream



GAS DYNAMIC ASPECTS OF
AN ENCIOSED HYPERSONIC TEST TRACK

I. INTRODUCTION

To obtain insight into the gas dynamics of an enclosed, evacuated,
hypersonic test track, including the maximum temperatures, densities,
and drag coefficients which may occur, a study was made of a body moving
through a long tube over a range of constant velocities from zero to
Mach 20. The effect of air escape past the body or outward through ori-
fices in the tube wall was considered. Attention was directed to the

possible use of a tube for braking.

II. METHOD

Methods of analysis were selected primarily to gain perspective.
Shock phenomena for a perfect piston were analyzed using the relation-
ships for a normal shock wave in a perfect gas, first without heat loss
from the system and then, to simulate imperfect gas or heat loss effects,
the temperature in the shock layer was made equal to free stream stagna-
tion temperature. Drag coefficients were computed from the pressures
obtained at the front face of the piston. Reflected shocks from a closed
tube-end were considered on the same basis. Viscous effects were con-
sidered by superimposing skin friction on the perfect gas results, using
simplifying approximations with regard to Reynolds number, Mach number,
and the distribution of the heat due to friction in the shock layer.
Varying degrees of piston imperfection were considered for a perfect gas

without heat loss by taking into account & loss of mass from the shock



layer by choked orifice flow. To permit the results to apply both to
atmospheric and evacuated tubes, ratios were obtained; these ratios re-
late the conditions at the face of the piston to the conditions in the
undisturbed air upstream.

In all cases the body moves at constant velocity without mechanical
friction in a tube of constant diameter. The undisturbed air in the
tube upstream from the shock wave is at constant temperature, pressure,
and density; serial effects obtained by running through frangible dia-
phragms into air at different densities were not considered. The effect

of the tube on the velocity of shock wave propagation was ignored.

III. ANALYSIS

1. Perfect Piston Action. Perfect Gas. y = 1.4

a. No Heat loss
The following relationships govern:

P P T,

=== .2Z= (equation of state) (1)
B T

P2 TE -1

= = — (static pressure ratio through (2)
Py a normal shock wave)

T 2 _1) 2, s5) (static temperature

2= (M (g ratio through a (3)
T, 36 My normal shock wave)



or

and

f£ = .v! " ol B —— ti 4 4
T, W _" (conservation of mass) (&)
Py
= 1 -2 (conservation of mass) (5)
Mp l(w< b ) conse 8
My = Mp + Mg (by definition) (6)

See reference (1] for a convenient summary of the development

of expressions(l) through (3) with particular reference to expressions

(2), (93) and (95) therein. Expression (4) is obtained by considering

the mass flow rate through sections across the tube moving with the shock

wave, one Just upstream and the other Jjust downstream from the shock.

This relationship in the form shown in expression (5) is discussed in

reference (2], page 4ok,

from which

From (1), (2), (3), and (4),

T -1 Py T, My (T&®-1) (&° +5)

6 Pr T, My-M¥ 36 Wy
2 -
- 2.(_"_:_’.‘."_2 (no heat loes)v (7



or

/ 2
My = Swp + ij”? + 10 (no heat loss) (8)

This relationship between piston speed and shock wave speed
enables the quantities in expressions (2) through (6) to be obtained when
the piston speed and the undisturbed conditions in the tube are known.

For example, from (i)

ﬁ-u-l-k

P2 My My
and from (7)
Mp _50%7 -1)
My o
so that
Py WS
;-2' e (9)
or
2
L. 6_:"__.. (10)
P MS +5 :

It is evident from expression (9) that as the velocity of the

shock wave increases the density jump through the shock approaches 6:1,



the 1limiting density ratio across a normal shock in a perfect gas having
v = 1.4, Results are shown in solid lines on Figures 1 through 5, pages

56 through 65, and in Table I, page 5k.

b. Arbitrary Heat lLoss. T, = stagnation temperature. No friction.
Ambient temperature. S. L. standard

The heat loss is assumed to be sufficient to 1imit the tempera-
ture in the hoc'. taver to that due only to the conversion to heat of the
kinetic energy of the stream at piston velocity, without the additional tem-
perature rise (included in (a) above) caused by the compression of the air
as it crosses the shock front. The temperature is now the total or stagna-
tion temperature, and the temperature rise is obtained by dividing the
kinetie enefgy of one slug of air, 1/2 sz, by the specific heat of air

at constant temperature, so that

v 2 a 2
T, =Ty + £ =Ty + 2 _Y¥p (11)
ec 2c
P P
or vhen T, = Ty,
T
221+ Kp B2 (12)
T,
vwhere
2 2
a,; ay
K

“2m, cp 12012 T,



Using standard sea level conditions, T, = 518.6 °R, a = 1117 ft/sec,
and Kp = .200. From (1), (2), (4), and (12),

™ -1 P T, _ My(l + .2 7)

(13)
6 Py Ty My - W
or
1 - 24 82.6 My* - 47.6 2,9
oo N . h“:w N (1)
T, = Ty (T, = stagnation temperature)

enabling the quantities in expressions (2), (4), and (12) to be obtained
when ambient conditions are known.

Results are shown in broken lines on Figures 1 through 5.

c. Drag Coefficients. Inviscid flow.

(1) By pressure relationships

For tubes which are open at the starting end, at piston

veloclties less than Mach 1.0,

(15)

For tubes which are closed at the starting end and for

open tubes at piston velocities greater than Mach 1.0,

P2
oy T (16)



VWhen tubes are open at the starting end, full atmospheric
pressure acts on the downstream face of the piston vhen the piston veloc-
ity is much less than the speed of sound, leading to expression (15). At
piston velocities much greater than the speed of sound no atmospheric pres-
sure can reach the downstream face of the piston, even with an open tube,
leading to (16). At piston speeds near the speed of sound in the atmos-
phere, vhen the starting end of the tube is open, both expressions are
approximations.

An expression for CDII’ for the particular case vhen
v = 1.4, may be obtained from expressions (1) and (2) and the standard

relationships p, /P, = Ry, &% = yRT, and Vp = Mp a;:
TME -1
Cp._ =2 ..!V___..> (17a)

For general values of y, by considering the power
P A VP necessary to drive the piston, and applying the momentum theorem
P2 =P + P; Vy Vp, the gas law, and the equations of continuity and

energy, one obtains
v.2
Power = P3 V‘,A[-%-+ Cy (To - T,) ]

This expression can be rewritten using standard thermo-
dynamic relationships to yield

Mwa_f"l
Power = Py Vy A Vg2 « 4 2T _
Wi -1



from which

r-1
a-
C -2&0Mw 2r

Dz M, KF -1

(170)*

Drag coefficients are plotted on Figures 6, 7, and 8,
pages 66 through 68. Values for cDI are computed from expressions (2),
(7) or (14), and (15), using p, = 2116 1b/ft? and P, = .00238 slugs/ft®,
corresponding to standard sea level conditions. When the tube is evacuated,
lower values of both these quantities exist, but the results still apply
because their ratio Py / P:L is constant at constant temperature, and the

temperature in the tube is independent of its degree of evacuation.

(2) By plastic pickup of mass

Since the air in the shock layer is trapped within the
tube between the piston and the shock wave, and moves at the constant
velocity of the piston, the reaction on the front face of the piston may
also be determined approximately by considering the rate at which mass is
picked up and accelerated to constant velocity. This method is considered
in detail below.

Mass at zero velocity is picked up in plastic collision
by a body moving at velocity Vp and moves with that body at velocity

Vp from point a to point b. If the mass of the body 1s m, and the

#The author is indebted to Dr. Harald Melkus for expression (17b).



mass gained is m,, the work done between points a and b is:

Work = + final kinetic energy of my + m,

- initial kinetic energy of m,

+ initial kinetic energy of m; relative to m,

1 2 _1 2 .1 2 2
WOrk=-2-(m°+m1)VP Emovp "'§mJVP m Vp
and

Power-:-ivz
¢t P

wvhere t 1s the time to move from a to D.
In a tube of cross-sectional area A, the mass of air of

density P picked up per unit time ¢, through a shock wave moving with

constant velocity Vy, 1is

LapaAv
———
t w
so that
Power = P A Vy . Vp? = Drag - Velocity = D Vp

and the drag coefficient,

2
. =D o PAVY Va0l
Drr  aA lpv2a Vp Vp
'é" P



or,
c = 2.0 -H_! (by plastic pickup of mass) (18)

Comparison of expressions (18) and (17b) shows agreement
at high Mach numbers.

Results are shown in dotted lines on Figure 8. The upper
curves compare the results with the drag coefficients obtained in a per-
fect gas without heat 1dss and the lower curves compare the results ob-
tained when the temperature in the shock layer ahead of the piston is the

total or stagnation temperature.

d. Reflected Shock Wave. Closed tube. No friction.

(1) No heat loss

T

Ps Pa Ts (equation of state) (19)
P2 PaTs
p, TMg" -1

= (static pressure ratio across (20)
P> 6 a normal shock wave)
p 2 _ 1 2, (static temperature
fu < (7&; ) (Mg 5) ratio across a normal (21)
T2 36 Mg® shock wave)

These expressions correspond directly to (1), (2), and

(3) in Section III.l.a, above. In that analysis the shock and the piston

10



vere moving in the same direction. Now, the shock has reflected from the
closed end of the tube and is moving in a direction opposite to that of
the piston. Therefore, the expression based on the continuity of mass
flow, where VQ is the velocity of the reflected wave relative to the

[}

closed end of the tube, is as follows:

Py Vq = P2 (vQ + vP)

or
Pa . Yg+tVp M+ ¥ (22)
P2 T "

And, the velocity Mg of the returning shock wave rela-

tive to the air moving in front of the piston
“R = "P + % (23)
so that

Pa._W_
Pz Mg - M

Therefore, from (19),

L WS, W (.. WLEVN . W)
6 ok 6w

11



and

L S(Mg® -1)
s
and
Ps _ 6Mg?
Pz M2 45

From expressions (7) and (10) it will be seen that

Mg = My (but in the opposite direction)

and from (6) and (23)

HQ = Mg (but in the opposite direction)
and
Py Py
Pz Py
Py N P2
P2 P1
Ta Ta
T, T

(24)

(25)

(26)

(27)

(28)

(29)

(30)

The values of Mg may be found from Figure 1 when Mp

is known, after which expressions (2), (21), and (25) (or (2), (3), and

12



(4)) may be used to obtain the pressure, temperature, and density, ps,
'1‘;,' | and Ps, respectively, between the reflecting shock wave and the
closed end of the tube. The values of the corresponding quantities be-
tween the reflecting shock wave and the piston (pp, T, and Pp) would
have been previously obtained from Section III.l.a, above,
When the reflected shock wave reaches the piston, the

values of ps, Ts, and Ps act at the piston only instantaneously and
then increase again t0 pg, T4, 8and P, in a re-reflection. For analy-

sis of the re-reflection the equations of Section III.l.a apply exactly

T P
as in the original non-reflected case, except that el s 2 , and b
ps T3 P3
replace P2 , I , and P2 , respectively.
P o, Py

As the shock wave continues to reflect back and forth,
the steps indicated above repeat and the pressures, temperatures, and
densities increase by Jumps as the shock wave passes, leading to the fol-
loving considerations:

let 2z represent p, T, or #P.

Then at the end of one full cycle of shock wave reflec-
tion (one reflection each from the end of the tube and from the piston)

24 Z2 23 24

z]_ zl 22 z:
and at the end of two full cycles,

Zy 23 Zp 23 24 g

15



end from (2), (3), and (20), (21) and (26), (27), (28), (29), and (30),

2 ()22
TOIEO

vhere n 1is the number of full cycles of shock reflection. In general

the condition at the piston

—_— <;f>zn+1

so that, from (2), (3), (10), and (16)

2 2n+1
pp-pl<ﬂ-é—-l-) ’ (31)
2 _ 2 +1
Tp=Ty [ o 32)!4::" 2 T (32)

1k



and from (2), (3), and (20), (21) ana (26), (27), (28), (29), ana (30),

22 23 %24 s

21 Zp %y %4

xo(2)(2)-(2)"
2-(2)(2)-(2)

wvhere n is the number of full cycles of shock reflection. In general

the condition at the piston

2n+1

so that, from (2), (3), (10), and (16)

2 . 2n+l
2=, (TL12) G1)
2 _ 2 2n+1
N

1k



— < Em? >an+1 - )'

. I VA
ooy = B2 (B2 ) G4

Values of expressions (31), (32), (33), and (34%) increase
by jumps at whole values of n, at the instant the reflected wave reaches
the piston, and they remain constant until n 1increases by 1.0 at the
next arrival of the reflected wave.

Expression (34) is plotted on Figure 9, page 69, for

values of MP from .125 to 4.0, up to four cycles of wave reflection.

(2) Arbitrary heat loss. T, = stagnation temperature.

It may be seen from the analysis III.1.d(1l) above that
expressions (31), (33), and (34) also apply in cases in which each rise
of static temperature with the passage of a shock wave is limited to that
which can be attributed solely to the conversion of kinetic energy to
heat. This 1s equivalent to the assumption that the additional tempera-
ture rise due to additional compression of the air in the shock layer
caused by mass accumlation in that layer is offset exactly by a loss of
heat from the system. It is only necessary to use the proper values of
My, those indicated on Figure 1 by T, = sfagnation temperature, to apply

these expressions. However, the expression for temperature is different.

15



Prom (12)

2 2 n+l1 :
TP-TI[I-F-——-i—al (35)

12012 T,

2. Perfect Piston Action. Air With Viscosity.

a. Drag Due to Skin Friction of Shock layer

The area, 8;, of the rubbing surface at the boundary of the
shock layer in contact with the walls of a circular tube grows at a steady

rate from time t = O when the piston enters the tube, such that
Sz = X stt

The skin friction drag Dy between the shock layer and the
walls of the tube is

De = Cp ..;.pavpz.sa
(36)
- clp v2 . xavaet
Cp, "3 PaVp - ¥ U8
Or,
Py .3 P Mg
Do = Cp ~=V.2 xdt « 2 ..8 (371)

Replacing Cp e with a drag coefficient cDF based on the

sectional area of the tube, A, an expression of familiar form is used

16



in wvhich, however, CDF varies with time:

.P a.
Df-ch" -QLVP A

2
When the tube is circular, A = 1% and

P

Df = CDF . -EJ; VPZ ———‘hda (38)
From (37) and (38)

e, =M P2 Moo

F & P, My Ot

and since V, = a, Mp and (for perfect pistons) P2 Wy (from (%))

Py
cDF-i:iuchf 1::-1%‘-’01,f t (39)
t=O0
Dp = oty Oy kp ¢ (i)

P
with q = -é-l- vp?

17



Expressed in terms of piston speed, limited to the case of

zero heat loss for perfect pistons from (8)
ac N
D’ o e"'<6|(!-,+ V 3m2 +100>CD (%2)
t ~ 0

and

d_’i-ou%(sup ~/ 36Mp2 +100>cD q Ap (43)

t~0

These relationships are limited to small values of time since
the temperature in the shock layer will rise due to friction and will in-
creasingly invalidate the basis of the analysis.

The skin friction drag coefficient, ch, is a function of
Reynolds number, Mach number, and the wall-to-free-stream temperature
ratio. It varies with Reynolds number from about ch = ,004 for laminar
flow at a Reynolds number of 10° to about ch = ,0015 for turbulent flow
at a Reynolds number of 10°. It is not possible to include this variation
in & simple analysis because the length dimension of the shock layer and
hence its Reynolds number increases from zero at t = O, linearly with
time, reaching very high values; this occurs at any Mach number. Further-
more, the plug of air grows in a special manner, by rapidly accumulating
air at its forward end, initially without a boundary layer, with the result
that viscous effects such as boundary layer growth are not determined by

body length in quite the usual way. The flow situation is a special case
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of viscous effects in accelerated flow such as were studied preliminarily
in reference [3]. For purposes of this analysis it is arbitrarily assumed
that the Reynolds mumber is constant at & value of 108,

The variation of ch with Mach number, between M = O and

M= 16, at RN = 10%®, may be approximated by

Cp, = +002 - 000k’ (4

This expression is based on reference [4], page 7-121, Pigure
5, extrapolated from Mach 10.0 to Mach 16.0. A more accurate and more
complex expression for ch is not used in view of the inherent inaccu-
racies due to the Reynolds number, described above. The effect of wall
temperature on Cp » is also a function of Reynolds number and has been

ignored.

Using (44), expressions (39) and (40) become (for perfect
pistons)

CDF - ig;l. M, (.002 - .0004 n,,l/a)t (hs){
dCp, kg, 1/2

e F ot (002 - .

Yy 3 ( 000k Mp My (46)
t =0

Or, from (8) limited to the case of zero heat loss,

N G (C IRV

t~0
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Assigning values to constants,

a, = 1117 ft/sec, standard atmosphere at sea level,
corresponding to T, = 59°F.

d = 10 feet, a dimension selected on the high side of
expected values, to give drag results on
the low side.

From (46)

4ac
OF . .80k - 179 i ), (48)

Tat
t~0
Expression (48) is plotted on Figure 10, page 70, with the

case of zero heat loss shown in solid line and the case of reduced tem-
perature shown in dash line. The effect of the temperature rise due to
friction may be inferred from the trend betiween these two curves. The
trend of both curves toward reduced values at high Mach numbers is due to
a decrease of skin friction drag coefficient, which 1s qualitatively cor-
rect but wvhich is limited in accuracy by the assumptions previously

described.

b. ?_ex_ngerature Rise Due to Skin Friction, Real Air

A temperature rise is caused in the shock layer by skin fric-
tion along the walls of the tube. This rise is locally intense adjacent
to the walls, which remain relatively cool because of the high speed with
vwhich they stream past, causing a high rate of heat transfer into the wall

material. This situation is complicated by the peculiar manner of growth
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of the shock layer, by rapid accumulation at its forward end of air
initially having no boundary layer. An accurate analysis of these ac-
tions would be complex and might obscure the principal point, which is
to obtain some degree of insight into the magnitudes involved in the
problem. For this purpose two simplifying assumptions of a counter-
acting nature are used: (1) that no heat enters the walls, and (2) the
heat which appears due to the work necessary to overcome skin friction
is distribuied uniformly throughout the mass of air in the shock layer.

Then,

dW = Dp - Vp -+ 4t

From (L41)

Work = j;t<£;“wcnft)(%"l"y“)(‘:z)("p)“

al“u"d

P, Vp° Cp 12 £t/1v
1P "Dy /
The mass of alr to which thls energy is applied as heat is
2
Mass --lf-— » P2 Vg t slugs

Using Cp = 6006 £4/1b of work per slug of air per degree

temperature rise, ‘antine or Fahrenheit, the temperature rise of the air,
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if well mixed, would be:

and
& o
- S—— S
[£] - oomsss L2
friction
t~0
and from (4%)

dt

friction
tw0

[Qi ] = .0001665 f;_a. Me® (.002 - .000k upl/‘)'

And, for an example, when
a; = 1117 f£t/sec

d = 10 feet

& . 25205 (.002 - 000k Mgl/2) w (49)

Expression (49) 1s plotted in Figure 11, page T1.
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3. ﬂertcct Piston Action. Flow Past Piston or WOriﬁcel
in Tube

a. Perfect Gas. y = 1.4. No Heat Loss.

The speed of sound,
a= JrR'!

And, from (3), the speed of sound in the shock layer, between the piston

and a normal shock wave running in advance of the piston,

s /1R, /(ME - 1) 2 +5) - (50)

The greatest velocity at which air will escape from the shock

layer through a small gap between the piston and tube or through an ori-
fice in the tube is the sonlic speed in the escaping flow. Neglecting
small changes in sonic speed and air density in acceleration to sonic
velocity between the shock layer and the orifice, the maximum mass flow
rate of escape from the shock layer is P, Ag &5, where AG is the total
effective area of escape from the shock layer, including the effective gap
around the piston and any effective vent area in the tube walls with which
the shock layer is in contact. (The effective vent area may be less than
the geometric vent area.)

The mass flow rate into the shock layer must equal the sum of
the mass growth rate of the shock layer and the rate of mass escape from

the shock layer. Assuming that air is escaping from the shock layer at
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its maximum available rate,

NPT R o

where Ap 1s the cross-sectional area of the tube. Putting in non-
dimensional form by dividing by sa;, and using expression (6)

Loy ¥, A %2 1

P2 W A& & M

Prom (50)
By Y, hg A/(DKE-1) 4F e 5) (52)
P uw AT 6u"2 A

and from (1), (2), and (3),

6 . W [l_gg+_tg.\/(m‘-l)<nu’+5>']
™E -1 (TR - 1T +5) 5 My A 6"

(53)

or

.l 2. A | a2 _ 2, 5) b
M %[s(uw 1)+ Ve 1 eE45) | (s
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The minimum piston speed for assuring normal shock action
ahead of the piston occurs when Mp = My, at vhich time

Ao, _"2;12 (lower limit of piston action) (55)
A’! 7)(!, -1 Mp 3 1.0

or

2 1/2
( -AQ > +5 (lower 1limit
Mo = My = Ar of piston action) (56)
AG 2 & i 1.0
( ;) T

Values of My may be obtained from Table II, page 55, and
from Figure 12, pe.ge\'(a, (since My = Mg + Mp) and from Figure 13,
page T3, vhich are plotted from expressions (54) and (56), respectively,
for use in expressions (2), (3), and (52) to obtain values of pressure,
temperature, and density in cases of imperfect piston action. Values of
drag due to frontal pressure, p, AP, may also be computed.

At the lower limit of piston action (when My = Mp) the drag

coefficient at standard sea level conditions, from (2)

_ P2 2116(7“2: -1)
q  6(.00119) (1117)* m?

165 - BT 657
e

II
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b, Alr with Viscosity

For frictional drag (from (37) and (38)):

W,
p Mg
T r.;"n, v
P Py /P

and from (52), since Vp = &, Mp

kay
(T>"3°Dr'°
CD = e

(58)
d 1_';":\;.;_0..____*{’_1__._\/(""2_1) (M2 +5)

67 o

t~0 (intermediate cases of imperfect
piston action)

Entering Figure 12 with known values of AG./AT and Mp,
the values of Mg and My are obtained (since My = Mg + Mp). ALl

other quantities in (58) are known from the conditions of the problem,

from which the frictional drag force for small values of t may be

obtained, using DF n cD!' qQ AP'

For temperature effects, following Section III.2.b, the work

10 overcome skin friction:

Work-%cnr QAp Vp t £t/10
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is applied as heat to the mass of the air in the shock layer,

2
Mass = ‘hd Pz Vg t slugs

producing the average temperature rise in the shock layer

CDFqAPth

d2

R (]

or,

_ ¢ 3 2
T = Dz . ¥ L2 . (intermediate cases of (59)
xd™ Mg 6006 imperfect piston action)

t~0

By using values of CDF in (59) from (58) and by using Fig-
ure 12 to find Mg, the value of the average temperature rise due to
friction in the shock layer may be determined.

It may be seen from (58) and (59) that the frictional drag
force and the temperature rise due to friction become zero at the lower
limit of piston action when My = Mp and Mg = O. This assumes that the
tube is entered at time + w O, which assures that the shock layer could
not have grown from a previous history in the tube. In any case, the
frictional drag and temperature rise become zero when the tube venting

is such that the shosk falls back to the piston.
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IV. RESULTS
1. Analytical Results

a. Perfect Piston Action. Perfect gas. y = 1.k,

——

(1) No heat loss

Expression (8) shows the relationship of shock wave
velocity to body veloecity, enabling pressures, temperatures, densities
and shock wave velocities relative to the body, to be computed by ex-
pressions (2), (3), (4), and (6), respectively. These results are
shown in Table I, and in solid lines in Figures 1, 3, 4, 5, and 2,
respectively. Drag coefficients as defined in expressions (15) and
(16) are shown on Figures 6 and 7, in solid lines.

(2) Arbitrary heat loss, T, = stagnation temperature

The relationship of shock wave velocity to body velocity
is given in expression (14), through which pressures, temperatures, den-
sities, and shock wave velocities relative to the body may be computed
by expressions (2), (3), (%), and (6), respectively. These results are
shown in dashed lines in Figures 1, 3, 4, 5, and 2, respectively. Drag
coefficients as defined in expressions (15) and (16) are shown on Fig-
ures 6 and 7 in dashed lines.

(3) Plastic pickup of mass

Figure 8 shows that drag coefficients computed by assum-
ing plastic pickup of mass agree well at high Mach numbers with those

computed by normal shock wave analysis.
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(4) Reflected shock wave, closed tube

Expressions (31), (32), (33), (34), and (35), together
with expressions (7) and (14) which are plotted in Figure 1 define the
conditions after shock wave reflection. Figure 9 illustrates these

trends as they affect the drag coefficient defined in expression (16).

b. Perfect Piston Action. Air with Viscosity.

Expression (40) shows the time rate of increase of the body
drag coefficient due to friction, and Figure 10 shows results for two
assumed cases. PFigure 11 shows the approximate initial time rate of
rise of the average temperature in the shock layer due to viscosity, for

an assumed case, based on expression (49).

C. %rfect Piston Action

Expression (54) shows the relationship between shock wave
velocity and body velocity (see Table II and Figure 12), from which
pressures, temperatures, densities and shock wave velocities relative
to the body may be computed using expressions (2), (3), (52), and (6),
respectively. Expressions (55) and (56) and Figure 13 define the con-
ditions at the lower limit of piston action. Shock wave velocities,
pressures, densities, and drag coefficients at the lower limit of
piston action are shown in dotted lines in Figures 1, 3, 5, and 7,
respectively. Expressions (57) and (58) show the drag coefficients
due to shock wave action and viscosity, respectively, and expression
(59) shows the temperature rise due to friction, for intermediate cases

of imperfect piston action.
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2, _P_hllicll Ducriﬂion

There are three major flov regimes sssocisted vith the movement
of & body through s gas-filled tube: (1) the piston regime, charscterized
by & normal shock wave running ahead of the body, (2) the shock inter-
ference regime in wvhich the shock wave has dropped back on the body, has
become oblique, and reflects from the tube wall onto the body, and (3)
the "free" regime in vhich oblique shock waves reflect from the walls .or
the tube and pass entirely behind the body.

This report is not concerned with regime (3) because here the
tube cannot make its presence felt on the body. The tube must de of
large diameter if the flow is to fall in the regime, especially at low
supersonic Mach numbers or with long bodies typical of track-guided test
vehicles.

Regime (2) is of practical interest, particularly from the stand.
point of reduction of drag, modulation of drag, and the avoidance of
troublesome as:vdynamic irregularities. Yet it is & relatively complex
regime. The flow around a long body of arbitrary form in an arbitrary
position in the tube can be enormously complex, and yet an axisymmetrical
body of special shape on the tube centerline can achieve a simple symmetry
of wave patterns which results in the cancellation of vave dreg (see ref-
erence [5]). This regime has not been treated in this report.

Primary attention is directed to regime (1) in wvhich, to some
degree, the body moving through the tube bdehaves like & piston. The
starting point is that of a perfect piston, moving through a perfectly
smooth impervious tube filled with air which behaves }1&0 & perfect gas.

30



At the first forward movement of a piston in a long tube a pres-
sure disturbance moves forward through the tube at the speed of sound (a
Mach wave) marking the boundary between air disturbed by the piston and
undisturbed air ahead. If the piston continues to move at a small con-
stant velocity, the air ahead of it is pushed forward at piston speed.
The moving air has the form of a plug vwhich grows at its forward end at
sonic velocity causing the mass of the air which moves with the piston
to grow at a high rate.

Since the piston speed is small and the rate of increase of
momentum is large (due to the large rate of increase of mass), the force
vhich must be applied to the piston to maintain its speed will be large
compared to the dynamic pressure which the piston would experience in
open air. In other words, under these conditions the drag coefficient
of the piston is large. It may be seen further that the plug of air
shead of the piston rubs against the walls of the tube and a drag reac-
tion occurs from this source.

When the piston moves through the tube at a higher velocity, the
pressure in front of the piston increases, the temperature of the air
being driven forward starts to rise due to compression, and the velocity
of propagation of the pressure disturbance into still air increases cor-
respondingly, and the Mach wave becomes a weak shock wave. At still
higher piston velocities the shock wave intensifies further and moves
faster, becoming a strong shock wave.

The same situation may be seen from another viewpoint. If the

piston were moving at a supersonic Mach number in the open air, it would
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be preceded by a normmal shock wave moving into undisturbed air at the
same velocity as the piston. Air passing through this shock wave would
find its way past the piston and would proceed downstream. Now, if the
piston were encased in & tube vwhich prevented air from passing the piston,
the air which passed through the shock wave would accumulate between the
shock wave and the piston, and consequently the shock wave ‘would' have to
move upstream at a velocity higher than piston veloecity.

The changes in velocity, pressure, density, and static tempera-
ture across a normal shock wave are independent of the source generating
the shock wave: for instance they are the same for two shock waves moving
at the same velocity into still air even though one of the shock waves is
caused by a blunt body moving in open air at shock wvave velocity and the
other is caused by a growing plug of air. The latter 1s set in motion
by a plston vhich moves at speeds smaller than the velocity of the shock
wave,

To compute the conditions in the tube, therefore, the relation.
ships for static pressure, static temperature end density across a normal
shock wave may be used. These relationships are functions of shock wave
velocity and not piston velocity. It is necessary, therefore, to deter-
mine the relationship between piston velocity and shock wave velocity.

The shock wave may be considered to be stationary with air flow-
ing into the shock Yith a8 velocity equal to the shock wave velocity from
the upstream side, and flowing out of the shock at the velocity at vhich
the piston recedes downstream from the shock. The piston must withdraw

from the shock to make space for air to accumulate between the piston and
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the shock. The air density behind the shock is greater than in froat,
and the same mass of air flows into and out of the shock during the same
time. From the density ratio across the shock (expression (k)) the pis-
ton velocity relative to the shock is obtained (expression (7) )l.

The original undisturbed air in the tube provides a convenient
reference for making velocities non-dimensional. All velocities are
expressed as Mach numbers, as ratios to the speed of sound in this un-
disturbed air, vhich is constant for any given set of initial conditions.

The air behind the normal shock wave has various properties. The
flow there is always subsonic; no new shocks form in this region « the
temperature and the locel sonic speed of this region are sufficiently
high to prevent their formation (except by reflection, as will be dis-
cussed later). Murthermore, vhen the air in the shock layer is consid-
ered to be frictionless and is pushed by a piston without leakage, all
the air in the shock layer moves at piston velocity. There are no local
flows, no streamlines, and no pressure gradients. Since zero heat loas
is assumed, temperature and density are also uniform throughout this
region.

In contrast to the familiar sgnsitive serodynamic flow over bodies
in the open air at transonic speeds, nothing irregular occurs at the front
face of a piston moving a plug of perfect gas inside a tube at piston Mach
numbers near 1.0. The Mach wave, which starts as an infinitely weak shock
at very small piston velocity, incresses in stirength smoothly and progres-
sively throughout the entire range of speeds and becomes a strong shock
solely by changes of degree rather than by any change of physical phenomena.
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This is a consequence of the fact that the shock does not occur at the
piston face but at the front face of the advancing plug of air ahead of
the piston, a face vhich is a.lreudy moving at Mach 1.0 vhen the piston
is barely moving.

The perfect gas analysis based on zero heat loss (Section III.l.s)
shows that temperatures in the shock layer may be expected to become suf- |
ficiently high to render the assumption of a perféct gas invalid. Dis-
sociation, ionization, and relaxation phenomena can be expected. No simple
analysis can account for these effects (see references (6], (7], (8], and
[9] for typical reports containing bibliographies in this area), but use
may be made of the fact that imperfect gas effects cause energy relocations,
absorbing energy from the kinetic model of the ideal gas, relatively in-
creasing the specific inte:mal energy and specific enthalpy, and reducing
the temperature of the real gas. Therefore insofar as their relationship
to a perfect gas analysis in concerned, imperfect gas effects may be rep-
resented qualitatively by a relative reduction of the temperature of the
shock layer.,

The practical reason for wishing to reduce shock layer temperature
is to protect the test vehicle. The effect of a temperature reduction is
therefore of interest in itself, particularly to learn how pressure values
are affected. It was assumed that & practical amount for the reduced tem-
perature in the shock layer is the total or stagnation temperature, such
as would occur at the stagnation point on a body moving at piston velocity
in free air. Using this value, the increment of temperature due to the
presence of the tube could be assessed directly by comparing the solid line
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and the broken line on Figure 4. This basis was therefore assumed for the
analysis in Section III.l.D.

According to the basic analysis without heat loss (Section III.l.a),
assuming ambient air at sea level standard temperature of 59°F, the tem- |
perature in the shock layer would be 5000°Rankine at a piston speed of
Mach 5.5. The value of y was assumed in this analysis to be constant
at 1.4. At 5000°Rankine y is not 1.k but 1.29. If the latter value of
v 1s used tc compute the pressure in the shock layer at Mach 5.5, a reduc-
tion of about 4 percent occurs. By assuming that the temperature in the
shock layer is the stagnation temperature, as in the second analysis, a
greater pressure reduction occurs at Mach 5.5, amounting to about 11
percent.

A qualitative comparison between the two analyses is available at
higher Mach numbers by considering the density ratio across the shock.

When the heat loss is zero and y = 1.4, this ratio approaches 6.0 as a
limit at high Mach numbers. With the assumed heat loss this value ap-
proaches 7.65; this is equivalent to a value of y = 1.3 without heat
loss for this particular item of comparison, a value vwhich falls within
the desired qualitative range.

Although computation of heat transfer and imperfect gas effects
are beyond the scope of this report, the qualitative trend may be seen by
observing the broken line curves on Figures 1 through 5 and on Figure 7.
Relatively small percentage changes occur due to heat loss in shock wave
velocities and in the pressures at the piston face, and appreciably greater
changes occur in the values of the density in the shock layer, the latter

being about the same percentage change as the temperatures themselves.
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The results of analysis without heat loss (S8ection III.l.a) appear
to be applicable (assuming no friction or viscosity) at the lowest itch
numbers, and the stagnation temperature analysis (Section III.l.b) appears
to be qualitatively correct at medium to moderately high Mach numbers.

The physical actions described to this point are applicable vhether
the tube is open or closed, but are limited to the condition that the shock
wave must not have reached the end of the tube., Until that happens the air
at the tube.end is undisturbed and the presence or absence of a closure on
the end of the tube can make no difference.

When the shock wave reaches the closed end of the tube, the air in
the shock layer comes to rest against the tube end. This air previously
moved at piston velocity, and the air from that portion of the shock layer
wvhich has not yet been stopped still flows into the stopped portion with
piston velocity, and the boundary between the stopped portion and the mov-
ing portion is the reflected shock wave. This shock wave moves back toward
the piston at a speed determined by the rate of accumilation of air at the
cloeed tube end, at the density in that region resulting from bringing the
air to rest through the reflecting shock. The temperature and pressure of
the stopped air result from the same process,

The similarity between the physical cases (1) vhen the piston is
driving a shock wave before it down a long tube without reflection, as
previously described, and (2) vhen the reflected shock wave is being driven
back by a closed end on the tube, may be seen by a shift of reference axes.
If, in case (1), the reference axes are anchored in the piston and the ob-

server is there, air is seen flowing toward the piston, coming to rest
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against the piston, and accumlating in front of the piston as the process
continues. This process causes the shock wave - appearing as a sharp
boundary between the in.rushing and the stopped air - to move away from
the piston as the air continues to accumulate. Now, to see case (2), the
reference axes are anchored in the end of the tube. It is eqnivalaﬁt to
the piston in the former case, and the observer is there. Now, air ap-
proaches through the tube at piston velocity, arrives at the tube end at
the instant of shock wave arrival, comes to rest against the tube end,
continues to arrive at piston velocity, accumlates in a layer which grows
steadily, forming a discontiruity between the moving air and the suddenly
stopped air. This discontinuity is the reflected shock wave. It increases
its distance from the closed end of the tube by a physical mechanism which
is identical to that of the piston driving the original shock wave. Just
as the equations for the conditions across a normal shock apply for the
initial piston-driven shock wave, they apply also for the reflected shock
wvave which must appear in order to preserve the condition that the gas
adjacent to the closed end is at rest.

Reflected shock effects may be very strong because the air under-
goes two jumps of temperature and pressure for each cyéie of reflection,
one vhen the original shock reaches the closed end of the tube and gener-
ates the reflected shock and another when the reflected shock reaches the
piston and regenerates re-reflection, and the quantities multiply at each
Jump. At high Mach numbers these ratios are large; such intense changes of
temperature and pressure may occur that even the first reflected wave is

destructive.
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If the tube i1s short, reflected waves may be especially trouble‘-
some because the reflections between the piston and the tube end may pass
back and forth so quickly as to produce explosive results, and yet by cone
sidering a limited open capacity of the tube relatively little work is done
against the piston to brake its motion because the distance traveled is
small. For practical use of reflected waves, therefore, the tubes should
be long and the vehicle speeds slow.

Pressure, temperature, and density rise discontinuocusly each time
the reflected shock wave arrives at the piston. Expressions (31), (32),
and (33) show the strong dependence of these jumps on the velocity of the
shock wave, My, vhich depends in turn on the piston velocity, Mp. Fig-
ure 9 shows that a piston moving at low Mach number may experience tolerable
increases of drag coefficient even after several cycles of reflection, but
a piston moving even at the moderate piston Mach number of 4.00 would ex-
perience excessive drag pressures at the arrival of the first reflected
wvave. The drag coefficient rises abruptly at that time from a value of
2.58 to a value of 2170. The ratios of increase for the various quantities
may be determined from expressions (31), (32), (33), (34%), and (35) by
inspection, when used with expressions (7) and (14).

In real air confined within a tube the effects of viscosity cannot
be ignored. The shock layer ahead of a perfect piston rubs with piston
velocity along the walls of the tube; shearing forces exist in the fluid
along the walls which cause & drag reaction at the piston; heating occurs
as the air in the boundary layer is sheared; and the homogeneous condition

of the shock layer no longer exists. Temperature and density gradients

and circulation are present.
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do not change as the tube is traversed. On the other hand, viscous effects
depend on the presence of a shock layer between the piston and the shock
wave, moving at piston velocity, and this does not exist at the first in-
stant of entering a tube, but starts growing at once at the approximate
rates indicated in analyses III.2.b and III.3.D.

In the same respect that the effects of gas imperfections may be
treated qualitatively as temperature reductions from an otherwise perfect
gas system, the effects of friction may be considered as temperature gains,
the heat coming from mechanical work against viscous forces, and producing
effects opposite to those described previously. That is, as temperature
rises in the shock layer due to skin friction, the expectable results move
in the direction from the dash lines in Figures 1 through 5, 7, and 10
toward the solid lines and beyond. Density decreases, the shock wave ac-
celerates, pressure at the piston rises, and temperature rises again due
to the pressure increase, and so on. The basis of the analysis becomes
lost completely if the temperature rise due to skin friction becomes pre-
dominantly large.

The analyses of viscous effects, Sections III.2.a, III.2.b, and
II1.3.b, are necessarily simplifications in view of the complexities of
the real case. The temperature rise indicated by the analysis is an average
based on complete mixing, and this would not occur. The temperatures would

be greater toward the walls and toward the piston, the former because it is
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the>Locatibn CPRXNOVIstous Bhbdidny dnd’ the' 1attér Yecdse> 1t ¥ the
Tobation o air wtileh hai eeh sitdjected t6: shwdtivg’ for the 10ngést tilw.
Heat bransfer W the: tube would oeeut at’a’ hte not tonveniently anaiyred’
The air adjacent to the walla' would be dragged by the walls toward the’
pistoh: “With u perfect pistom this air would then circulate Porwdrd” again
through~ the 'sénter' of the tube {the only available region), acéomplishing’
an undetermined’ dbgiee I mikiBz. The 4l which 1s heated the mést by™ "
friction, that which has beén-im the ‘boundary layer-thé longest tile,”woild
arrive-coptiniously at the pistoh Trém-the front. -With' &' perPect piston
1t wiuld apriveide the wall dround’the”cifeumddrence 8f thé-piston knd" -
would thed:rlow fadfally tawird aerbsd its’Phce before moving away rom the
plstoh upstrean. - This-aetién vould: gedérlitera pressiire rise diie to-fhpadt
and ‘resucdeleration  fosvardly and -would e6ntimicusty subject ‘the piéton ‘face
to the highest tenpevatuPés ir tHélsystém. -Any' 'resl ‘Hypersomic application
of a‘tedtivehicle 'in 4 ‘tube &FProxinmating the abtion of a perfect piston
vould h&Ve ‘to ‘empIdy iieans of foFcing ‘the ‘very hot viscous boundary lagér’
through -the tubeé ‘walld ds ‘Lt £S¥is; ‘n-that way protecting the vehicle “from
exceseive temperatures, - 2i1H0 L

17 . If & lo8g ‘fibe the drag-die to ‘skin 'friction With s perfect piston
may exceed the greatest amount expected from shock action. In a ten-foot
diameter tube, at & piston Mach number of 4.0, at standard sea level tem-
perature, the fricticn drag coefficient may be expected to exceed the shock
drag coefficient after about .98 second, or in 4380 feet of piston travel.
To keep the shock from reaching the end of the tube, its length would have

to be about 5500 feet. At Mach 8.0, the corresponding figures are .6k
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second, 5750 feet of piston travel, and 7600 feet of tube length. At lub-v
sonic piston Mach numbers, the length of tube required to keep the shock
from emerging or reflecting is relatively long. At Mach 0.8, the frictional
drag exceeds the shock drag after 3.32 seconds, in 2960 feet of piston
travel, in an overall tube length of 5800 feet. In & tube of half the
diameter (5 feet) these times and distances would all be cut in half.
| At subsonic speed, since the pressures and temperatures are tol-
erable, reflected waves could be used to increase drag and shorten tube
lengths.

At the higher Mach numbers the temperature rise due to friction is
likely to predominate over the temperature rise due to shock. At a piston
Mach number of 4.0, at the standard sea level temperature of 59°F, the
temperature in the shock layer is 2540°F. The average temperature in the
shock layer will rise 2540°F again after 1.46 seconds, while the piston
traverses 6540 feet of tube. At Mach 8.0 the corresponding figures are
8440°F in the shock layer, increasing by this same amount due to friction
after .82 second, in T320 feet of piston travel. If the tube were 5 feet
in diameter instead of 10 feet, these times and distances would be halved.

Even though the accuracy of these numbers may be poor because of
the necessary simplifications previously described, it may be seen that the
temperature problem, including the effects of frictio;l, is of serious pro-
portions. The use of a high degree of tube evacuation to reducz thk= heat
transfer rate to the test vehicle 1is of little value here because piston
action would preferably be avoided vhen the tube is evacuated, as is con-

sistent to obtain low drag. On the other hand the braking function, fully
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employed, calls for a maximum both of air density and piston action. A
high rate of aerodynamic heating is inherently associated with large braking
forces.

A perfect piston in a perfect tube without leakage in either part
has been assumed in the preceding discussion. In the real case there would
be some escape of air from the shock layer, either as a consequence of im-
perfect mechanical fit of the tody in the tube or by design.

leakage out of the shock layer reduces the rate of mass accumla-
tion akead of the piston, in that way reduces the velocity of the normal
shock wave running ahead of the piston, and correspondingly reduces the
magnitude of the jump in pressure, temperature, and density through the
shock wave, causing reductions in these quantities at the front of the
body.

When alr 1s lost from the shock layer at the same rate at which
it is received, the lower limit of piston action has been reached, and the
shock wave velocity equals the piston velocity., If more air is lost from
the shock layer the shock nc longer stands in front of the body but falls
back on the body as an oblique shock wave, and reflects from the tube onto
the body, so that the flow is ro longer in the piston regime but is in the
shock interference reginme,

The relative rates of inflow to and outflow from the shock layer
determine the degree of plston action. If the shock layer increases in
slze with time, the shock wave velocity exceeds the piston velocity and
relatively increased values of pressure, temperature, and density exist at

the front face of the piston. The rate of mass flow from the shock layer
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is determined by the total of the outlet cross-sectional area through vhich
alr may escape; this consists of the circumferential gap area around the
body plus the orifice arsa in the tube in contact with the shock layer at
any instant.

In nearly every case having practical interest the pressure in the
shock layer will be sufficiently large relative to the pressure in the es-
cape region (behind the piston or outside the tube) to cause air to escape
at local sonic speed in the escape gaps and orifices, permitting convenient
analysis. BSee Section II1.3.a.

The dotted lines in Figures 1, 3, and 5 show the lower limit of
piston action (My = Mp) relative to the two cases of the upper limit or
perfect piston action previously described. See also expressions (54),
(55), and (56), and Pigures 12 and 13. |

It will be observed from Figure 13 that the maximum allowable es-
cape ratio at which the lower limit of piston action will be achieved be-
comes essentially constant at hypersonic Mach numbers. From expression (55)
it may be seen that the maximum ratio of gap area to tube area is fﬂ? at |
infinite piston velocity, and is larger at lower piston velocities, so that
the ratio of piston a.rea/tube ares for a tube without wall orifices is .622,
or the ratio of body diameter to tube diameter is .789. As a practical rule
of thumb, then, if one wishes to achieve the regime of high pressures ahead
of an object moving through an inpervious tube at supersonic speed, this will
always be achieved if the body diameter is at least 8/10 of the inside dianm-
eter of the tube. Similarly, vhen an object is propelled from a tube by
gases at high pressure, the predominant portion of the total available effect
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will be achieved if the body diameter is at least 8/10 of the tube diu-‘
eter. It will be seen that the practical gap permissible between the body
and the tube wall in these cases is ample for practical applications.

Figure 15 also indicates that the gap ratio A, / Ap may be as large
as 1.0 at Mach 1.0 and that minimum piston action will be achieved. At
this gap ratio, if there is no leakage through the tube, the entire cross-
sectional area of the tube consists of "gap"; the body cross-sectional area
is infinitesimal. This may be interpreted physically: at Mach 1.0, the
shock front from a point body must be normal to the tube because all pres-
sure disturbances originate at the body and run forward through the tube at
sonic speed, as does the body; and all of the flow which enters the shock
from the front escapes past the body through the available gap at sonic
speed. This physical picture agrees with the mathematical requirements
for the lower 1limit of piston action, even though one does not ordinarily
think of an infinitesimal body behaving like a piston.

When the speed of the infinitesimal body exceeds Mach 1.0 its shock
wave becomes oblique, and the flow no longer lies in the piston regime.
But if the body gains cross-sectional area as indicated by Figure 13 as it
gains speed, it throttles the rate at which mass can escape rearwardly.
This causes air to accumlate in the shock layer, the shock is pushed for-
ward and becomes & normal shock, again achieving piston action.

A moving piston advancing into still air is the same as moving air
advancing on a stationary piston, or upon a tube end. Just as a completely
closed tube behaves as a perfect piston, a partially closed tudbe end acts as

an imperfect piston, or as no piston at all if its gap ratio is excessive.
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Just as Figure 13 gives the maximum gap at vhich piston action is achieved,
it also gives the minimum gap at which piston action is avoided. The
fundamental quality of piston action (as this term is used in this report)
is the ability to drive a normal shock wave through the tube. If plston |
action is avoided, the ability to dive a normal shock through the tube is
avoided., Therefore;, Figure 13 also shows the minimum open area at the
tube end which will prevent shock wave reflection. For example, at Mach
1.0, & Mach wave will reflect unless Ag /Ap = 1.0; that is, the tube
mist be wide open to avoid reflection. A normal shock advancing at Mach
4.0, from Figure 13, will not reflect if at least 43.5 percent of the tube
end area is open; and a normal shock at Mach 20 will not reflect if about
38 percent of the area at the end of the tube is open - within the limita-
tions of the present analysis.

Viscous effects with imperfect pistons are prominent to the same
degree that the distance from the piston to the normal shock is large, or
in other words, to the same degree that the piston action approaches per-
fection. To obtain the least viscous effects, then, the flow should be at
the lower limit of piston action, and the shock should have fallen back to
the piston. To make the shock fall back, vent area distriduted along the
tube wall is effective, This area adds to the gap area around the piston
but only when in contact with the shock layer; if the shock layer is thick
the gap area is large and large amounts of mass escape through the walls.
The shock layer stabilizes at the body if the gap ratio of the body is as
shown in Figure 13, or somewhst in front of the body if the gap ratio of

the body is somevhat less than shown in Figure 13. The same vent area in
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the wall which shortens the shock layer could be s0 arranged that the air
removed would be the hottest part of the shock layer, the viscous-heated
boundary layer.

The reduction of the shock layer depth to a small value at the
lower limit of piston action also eliminates any significant amount of
heat loss through the walle, so that a perfect gas analysis without heat
loss should apply accurately at low supersonic Mach numbers. Then, the
pressure, drag, temperature, and density conditions at the front of the
body in the tube are the same as those which exist at the same velocity
on a flat-faced body of the same dlameter in the open air, but of course
the body in the tube need not be flat-faced; it may be of any shape
vhatever.

At the lower 1limit of piston action, then, the effect of the tube
is equivalent to changing the effective form of a body. A slender-nosed
body with a drag coefficient of 0.2 in free air acquires a drag coeffi-
cient above 1.6 at minimum piston action in a tube, an increase by a
factor of more than eight (without the necessity of any mass for drag
modulation structure being carried by the body).

The broad pattern of additional effects obtained with better piston
action may be seen from the general form of equations (2) and (3) and from
Figure 1. At hypersonic speeds, pressures and temperatures are roughly
proportional to the square of the shock velocity, and to the square of the
piston velocity, and perfect piston action increases shock wave velocity
by a factor of sbout 1.2, as compared to minimum piston action. Thus, per-

fect piston action increases the effects of minimum piston action by about
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4L percent, at hypersonic Mach numbers. Accordingly, the drag of a refined
aerodynamic body increases about twelvefold upon entering a close.fitting
braking tube at hypersonic speed, to which is added the very large drag
rise due to viscosity. Ard at lower speeds, the relative rise in drag due

to shock is gresater.

3. Discussion of Practical Aspgcts

The magnitudes of the physical quantities which are indicated for
a hypersonic test vehicle in a tube are impressive. Assume for the sake
of discussion that a vehicle enters a L-foot diameter tube for braking pur-
poses and behaves as a perfect piston at Mach 10.0 for one second. At the end
of that time, according to a perfect gas analysis, the shock layer in front
of the piston is 2320 feet thick, exerts a pressure of 360,000 pounds per
square foot inside the tube, and has a temperature of 15,000°F. Frictional
heating adds an additional 43,000°F to the average temperature of the shock
layer. This invalidates the basis of the perfect gas analysis.

These numbers lose value for specific purposes, but the over-all
impression is valid: the effects are formidable at the higher Mach numbers.

By enclosing a hypersonic test track, two main functions may be
served: (1) evacuation to lower aerodynamic drag and (2) action by the tube
to increase aerodynamic drag. To accomplish (1) the tube must be large,
and to accomplish (2) it must be small relative to the test vehicle. The
practical difficulties inberent in such a contrary situation are apparent.

The gas dyrnamics in the large tube are in the "free" regime, and in

the small tube are probably in the piston regime; these regimes have been
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studied. But between these two extremes there is need for further defini-
tion, particularly regarding the flow behavior with typical rocket bodies
vhich are so long that shock waves reflected from the walls of an enclosing
structure of economical size would not pass behind them. Favorable wave
interference effects (reference [5]) probably cannot be utilized because
these require a body form which tapers to the rear, unlike rocket vehicle
design. Yet, unfavorable wave interference effects should be avoided if
possible.

At high Mach numbers the surge of intense pressure and temperature
along the tube will increase the problems of keeping the tube airtight for
evacuation. The greatest problem of the vehicle will be high temperature,
80 very high that the use of an enclosed high.speed track for high tempera-
ture research is naturally suggested.

The portion of the temperature due to skin friction is avoidable
by the use of sufficient venting of the tube to operate at the lower limit
of piston action, and with enough gap between the vehicle and the walls to
allow the passage of any hot boundary layer which does not escape through
the tube walls. Ablation materlals used to protect the vehicle also need
space through vhich to pass rearwardly.

At the higher Mach numbers a plasma sheath will enclose the test
vehicle, adding greatly to the problems of radio transmission from the in-
side of the tube,

Yet a need exists for a new method of vehicle braking. Even on com-
paratively slow test tracks already in operation, the limitations of other

braking systems have been reached. Water braking, accomplished by scooping
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up water, has proved ineffective at the higher speeds for several reasons:
the water does not enter and flow through the scoops but bursts into a
cloud of spray; the mass of the scoop system carried by the sled absorbs
energy during acceleration and limits the maximm speed otherwise attain-
able; and the braking reaction is applied eccentrically to the sled caus-
ing extraneous loads and weight in the structure and at the slippers.
Since the water supply is limited birds are sttracted to the test track
and by their presence interfere with the testing and cause damage to the
sleds. Braking by picking up mass other than water has practical limita-
tions; the material does not tramsmit stresses quickly enough to permit
the entire mass to be accelerated. For example, unattached nylon ropes
draped loosely across the track with their free ends extending in the
direction of sled motion are reportedly severed by the sled at the point
of contact without being moved otherwise. The use of a long tube for
braking does not have any of these particular disadvantages but it does
have others.

Since the effect of the tube depends upon the relative size of
the body passing through it, an enclosed track has considerably lesse
versatility than an open track. It also involves extra cost due to the
enclosing structure, the evacuation tanks the pumps, the po;ter to operate
the pumps and the loss of test time while evacuating.

The non-braked portion of an evacuated tube could attain versa-
t1lity (at a high cost on all the counts just mentioned) by being as large
as required for the largest test vehicle contemplated. But such a tube

would not serve for braking. Neither a very large nor a very small portion
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of an evacuated tube can perform the function of the other, becsuse test
vehicles must fit the tube within prescribed limits. Either test planners
would have to accomplish the correct velocities, times and distances for
the various phases of tests run in & tube having different diameters and
different evacuation in different segments or some sort of variable con-
struction would be needed.

Not only the test vehicle but boosters including extra stages have
to be considered. The braking of a detached booster following the test
vehicle through a braking tube could be a difficult problem.

If the entire length of an enclosed evacuated test track were cone
structed at one moderate diameter, the effective diameter of the test body
would have to be variable. This direction of study would contemplate the
use of a body as small as needed to avoid minimum piston action, with the
intention of tolerating the reflection of oblique shock waves from the
tube during the non-braked portion of the run, and the use of an expanding
construction, perhaps resembling aircraft engine cowl flaps, to change the
modus operandi of the vehicle from the low drag regime to the high drag
piston regime. The same flaps could be used to modulate the drag, to hold
the deceleration at a permissible value according to a particular program.
In this constant diameter tube the air density could be different in dif-
ferent segments and the tube wall venting could be adjustable for desired
effects.

The function of the braking tube, taken by itself, can be accome
plished in a non-evacusted tube., Such a tube could conceivably be designed
with adjustable diameter, for example, by means of a flexidble wrap-around

50



structure. But this does not sound promising for use at moderate to high
Mach numbers in view of the high pressures which occur even at the lower
limit of piston action.

To obtain braking action in an atmospheric braking tube of con-
stant area, with various sizes of test vehicles, it might be possible for
a lightweight piston of tube-fitting size and shape to be picked up by
the test vehicle shortly before it enters the braking tube. To reduce the
relative velocity between vehicle and piston to acceptable values, the
special piston body would be rocket accelerated ahead of the approaching
test vehicle, timed to meet without excessive impact before the combina-
tion entered the tube.

To avoid excessive pressures within the tube, and in some cases to
control the rate of deceleration of the test vehicle, a tube could employ
large pressure-actuated relief valves, such as narrow chord hinged doors,
having small inertia. At the lower Mach numbers where temperatures are
not excessive and very large pressures may be obtained by reflection if
necessary, such a construction appears especially suitable. At any Mach
number, the design of gaps around the body and venting in the tube would
be governed first by the necessity of avoiding excessive temperatures,
after which braking pressures would still be adequate, and drag modulation
could be controlled by valving off pressures in one way or another.

In view of these considerations a small atmospheric tube over a
monorail track for braking sled having a standardized frontal area from
about Mach 3.0 down to zero speed appears feasible. At higher Mach num-

bers the aerodynamic drag in the open air is often sufficient to produce
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as much deceleration as the payload will tolerate, and the ability to
achieve effective braking in a tube right down to zero velocity would
eliminate entirely the need for water braking. In a destruction test,
running off the end of the track at full speed, the tube venting would
all be opened wide, and for the greatest possible braking the venting
and the tube end would be closed and reflected shocks would be used.

It mist be understood, of course, that precision programming of
a braking tube would require consideration of the effects of piston ac-
celeration and deceleration on pressures and temperatures, which are
beyond the scope of the present report. These effects can be signifi-
cant. In perfect piston action after one second in a tube at 60°F at
Mach 3.0 the shock wave is 900 feet ahead of the piston, so that a
reduction of speed at the piston cannot instantly change the speed of
the shock wave. A finite time 1s required for pressure adjustment
throughout the shock layer, even at the elevated temperature and high-

sound velocity in that layer.

V. CONCLUSIONS

1. Ample pressure is available for braking purposes.

2. Drag coefficients at high Mach numbers are typically 2.40 for a
body fitting very closely in the tube and 1.66 (the same as a flat-faced
body in free air) for a body having a diameter 0.8 of the tube diameter.

3. Drag coefficients are relatively higher at the lower Mach num-
bers, with values of 4.0 near Mach 1.0 and 20.0 at Mach 0.1 for close-

fitting bodies.
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4, Typically an aerodynamically clean body increases drag about
twelvefold upon entering a close-fitting tube at high Mach numbers, and
fiftyfold at Mach 0.5.

5. To achieve the bulk of the effect of the tube in increasing braking
pressures, the body diameter should not be less than 0.8 of the diameter of
the tube.at high Mach numbers, nor less than 0.65 of the diameter of the
tube at Mach 2.0.

6. Shock waves reflected from the closed end of the tube produce very
large pressures and temperatures, except at the lowest Mach numbers.

T. To prevent shock wave reflection from the end of an impervious
tube ahead of a very close-fitting body, about 40 percent of the cross-
sectional area of the tube end must be open at a body speed of Mach 20.0
and about 45 percent must be open at Mach 4.0.

8. Very high temperatures may be expected on a close-fitting test
vehicle at high Mach numbers.

9. Drag and temperature due to viscosity predominate over drag and
temperature due to shock in long tubes traversed by close-fitting bodies
at high Mach numbers.

10. Practical problems exist in making a tube fit various sizes of
test bodies properly for both the low drag and braking functions.

11. A small-sectioned atmospheric braking tube for a monorail track
appears to be feasible.

12. Quantitative values of pressure, temperature, and density ratios

are presented in equations, charts, and tables.
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TABLE I

PERFECT PISTON ACTION

Perfect Gas r=1l.k No Heat loss
% .o
Ay
1.0 0 1.000 1.000 1.000 1.000
1.2 306 .89k 1.513 1.128 134
1.4 5T .829 2.120 1.255 1.690
1.7 <926 JTTh 3.20% 1.459 2.198
2.0 1.250 .T50 4,500 1.687 2,668
2.4 1.653 «THT 6.551 2.0k0 3.213
3.0 2,222 .78 10.33 2.679 3.856
4.0 3.125 875 18.49 L.ok6 k.51
5.0 3.998 1.002 29.00 5.800 4.990
6.0 L4.861 1.139 I .82 7.941 5.268
8.0 6.560 1.4ko T4.50 13.38 54555
10.0 8.250 1.750 116.4 20.39 5.7k
12.0 9.951 2,069 167.8 28.94 5.799
15.0 12,444 2.556 262.2 Lk .69 5.868
18.0 1h.954 3.046 3T7.7 63 .94 5.909
21.0 17.460 3.540 51k.1 86.65 5.932
25.0 20,799 k.201 729.0 122.5 5.951
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TABLE 11

IMPERFECT PISTON ACTION

Perfect Gas y=1.b No Heat Loss

;A_Q-o.l iG.-o.a ﬁ-o.} ﬁ;o.h
M, Ap Ap Ap Ap -

¥ | ¥ ¥ | M5 ¥ | Mg Yo | Mg
0.8 | (-.283)(1.083) | (-.190){(.990) | (-.098)| (.898) | (-.006)| (.806)
0.9 | («.07T( .979) 017 | .883 J13 | .787 210 .690
1.0 .2100| .900 .200 | .800 300 | .700 400 | .600
1.3 .551) .49 .660 | .640 70} .530 879 .h21
1.9 | 1.272| .628 1.398 | .502 1.525 | 375 1.652 | .2u8
2.5 | 1.896| .60 2.043 | U457 2.189| 311 2.335] .165
3.5 | 2.861| .639 3.043 | 457 3.225 | .275 3.%07| .093
5.0 | .28 .759 L.482 | .518 k127| 273 4,963 | 037
10.0 { 8.701{ 1.299 9.153 { .847 9.604 | .396 (10.056)|(-.056)
16.0 | 13.994| 2,006 | 1k4.706 [1.294 | 15.418| .582
24,0 | 21.028] 2.972 | 22,091 {1.909 | 23.153 | .847
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